1. Introduction {#sec1}
===============

Mechanical alloying is a manufacturing process that merges several hardening mechanisms instantaneously, which is called mechanical milling when applied to pure materials. It is known that the Cu-Ni alloys have a good combination of physical and mechanical properties. They can withstand high stress loading, as well as high temperatures. Also, they have desirable properties such as electrical and thermal conductivities together with corrosion resistance, which make copper-nickel alloys standout options in a lot of industrial sectors \[[@bib1], [@bib2], [@bib3]\]. For copper-based alloys, the most important alloying elements used are Si, Sn, Al, Zn and Ni. Those elements, except for Ni, have limited solubility in the solid form (8, 9, 19 and 37%, at maximum), respectively \[[@bib1], [@bib4]\]. Nickel has a positive effect on the mechanical and physical properties of Cu-Ni alloys in terms of liquidus and solidus temperatures and corrosion resistance.

It has been provided in many research reports that the matrix can be enhanced by incorporating it with different types of reinforcement with various volume fractions. CNTs are ideal reinforcements for advanced composite materials for many engineering applications. They are categorized by a lot of features involving a tensile strength of over 150 GPa, Young\'s modulus of more than 1 TPa and thermal conductivity of up to 6000 W/(m·K) \[[@bib5], [@bib6], [@bib7]\]. However, due to some obstacles such as difficulty of obtaining good homogenous dispersion of CNTs inside metal matrices [@bib8], the difficulty of bonding, reactions with the metal matrices, and damage of CNTs during processing, widening their applications still needs a lot of efforts \[[@bib9], [@bib10], [@bib11]\].

In this regard, the current research work focuses on the dispersion of CNTs with Cu-Ni mechanically alloyed matrix, which was the main subject of some previous reports \[[@bib12], [@bib13], [@bib14]\]. Previously, some researches were interested in improving the mechanical properties (hardness, compression ...etc.) \[[@bib8], [@bib15]\], thermal and electrical conductivities of Cu-Ni composites \[[@bib14], [@bib16], [@bib17]\]. Moreover, some studies focused on powder metallurgy technique for processing ceramic powder (Al~2~O~3~ and SiC) as reinforcements \[[@bib18], [@bib19], [@bib20]\].

C. Kim et.al. studied the nickel-coated single wall CNT as a reinforcement with copper matrix composites [@bib19]. The composite specimens were made by hot-pressing. The mechanical and tribological properties of obtained specimens slightly improved compared to those of pure copper and copper--nickel specimens. However, adding carbon nanotubes did not improve electrical and thermal conductivities compared to those of the sintered copper--nickel specimen with same composition. Besides, P. Rojas et.al. showed that the consolidated 50%Cu-50%Ni and 60%Cu-40%Ni alloys obtained by powder metallurgy illustrated better behavior in terms of corrosion resistance compared to copper and nickel samples [@bib20]. The process conditions of sintering temperature and compaction pressure values used were 300 °C and 900 MPa with 5 hours of milling.

On the other hand, S. Mostafa et.al. investigated the densification and compression properties of Cu--20% coated SiC, Cu--20% SiC, Cu--20% coated Al~2~O~3~, and Cu--20% Al~2~O~3~ composites [@bib17]. The Cu-composites were made by mixing uncoated powders of SiC sintered at constant temperature of 900 °C. The Cu matrix Ni coated reinforced composites showed higher relative density and lower porosity content than the uncoated composites due to the good bonding between the reinforcements and the Cu-matrix. Compression strengths of coated reinforcement powders-containing composites are higher than those of uncoated ones.

The current work uses the powder metallurgy technique for the addition of CNT and ceramic powder (Al~2~O~3~ and SiC) with microns grain sizes as reinforcements for Cu-Ni mechanical alloy at different percentages optimized to achieve the best physical and mechanical properties. Besides, the obtained specimens were investigated with various mechanical tests as well as microstructural investigations (optical and Scanning Electron Microscopy (SEM)), density, electrical conductivity, thermal conductivity, hardness and compression strength.

2. Experimental {#sec2}
===============

In this research, powder metallurgy technique was used to prepare the composite samples which consist of copper-nickel alloy strengthened by various types of reinforcements. They included multi-walled carbon nano-tubes (MWCNTs), Al~2~O~3~ and SiC ceramic powders. MWCNTs were bought from FiberMax Composites company, Greece (with length: 1--25 μm, average diameter: 10--40 nm, specific surface area: 150--250 m^2^/g and purity by weight: 99% min). CNTs were used as reinforcements with different percentages (from 0.5-2 wt. %.) added to copper-nickel alloy. Both Al~2~O~3~ (60 microns particle size) and SiC powders (10 microns particle size) were also used with percentages from 1-4 wt. %. The alloy (50-50 wt. %) was prepared using mechanical alloying of 2--3 microns grain size for pure copper and 1 micron grain size for nickel powder mixed using high energy milling in a SPEX 800 rpm mixer/mill with a ball-to-powder ratio of 10:1. The milling time was set at 20 hours to have a homogeneous mixing between copper and nickel powders to form the matrix of the composite.

It has been provided in many previous reports that mixing Cu and Ni powders with carbon nano-tubes, as well as ceramic powders, is an obstacle as they are easily separated from each other [@bib11]. So, this paper seeks to provide an effective way to form a mixture using chemical dispersant as cyclohexane-C~6~H~12~ to form an appropriate environment for mixing, and paraffin wax as a lubricant during compaction to decrease friction with concentrations 20 wt. % and 0.5 wt. %, respectively. The mixing process was performed by a stainless steel container in a SPEX mixer/mill at 800 rpm for one hour. After mixing, the mixture was dried in an oven for one hour at about 100 °C that allows to melt the wax and to let it mix well with Cu-Ni powder and CNT mixture. Then, the mixture was compressed in a rectangular die made from Cr-Mo alloy steel (DIN W302). The die cavity had a rectangular cross-section with 8 × 6 mm^2^ area with 15 mm height. The hydraulic uni-axial press machine was used at a compaction pressure of 600 MPa to attain the compacted specimens. The sintering process was performed in a vacuum furnace at 1050 °C for 2 hours. The heating rate was adjusted at 4 °C/min till 250 °C where the temperature was kept constant for 30 min to complete the debinding stage. Then, the heating rate was increased to 6°C/min till the maximum. Then the specimens were cooled in the furnace. [Fig. 1](#fig1){ref-type="fig"} illustrates the details of the whole powder metallurgy process.Fig. 1Cu-Ni/CNT powder metallurgy method.Fig. 1

The sintered samples were investigated under various types of tests. For microstructure examination, the specimens were prepared using standard grinding with 120, 220,400, 600, 800, 1000, 1200, 2000 and 3000 grit SiC papers, and then they were polished with 6 micron diamond paste. Optical microscope (type Axioplan) was used to demonstrate microstructure features using digital camera type Cannon PC1049 fitted with ZIESS lenses. The microstructure of the polished samples was inspected by field emission scanning electron microscope (FESEM; QUANTAFEG250), Holland. Also, the actual density of the sintered composites was calculated using Archimedes rule, using water as a floating liquid. The sintered specimens were weighed in air and in distilled water and their actual densities ($\rho_{act.}$) were determined according to the following equation:-$$\rho_{act.} = \frac{W_{a}}{\left( {W_{a} - W_{w}} \right)}$$

Where W~a~ and W~w~ are the masses of the sample in air and water, respectively. The theoretical density (ρ~th~) for the investigated composite was determined according to the following equation:-$$\rho_{th.} = \left( {V_{M} \times \rho_{M}} \right) + \left( {V_{R} \times \rho_{R}} \right)$$

Where V~M~ and ρ~M~ are the volume fraction and density of the matrix while V~R~ and ρ~R~ are the volume fraction and density of the reinforcement. The degree of porosity of the sintered compacts was determined according to the following equation:-$$\text{Porosity}\ \text{\%} = 1 - \frac{\rho_{act.}}{\rho_{th.}} = \frac{\left( {\rho_{th.} - \rho_{act.}} \right)}{\rho_{th.}}$$

The electrical conductivity was estimated using a four-terminal ohmmeter for high accuracy. One pair of terminals measures voltage, while the other pair measures current. This permits the ohmmeter to ignore the resistance of the second pair of terminals. Then, the resistance of the specimen was recorded using the ohmmeter.$$\sigma = \frac{L}{AR}$$Where:σ: electrical conductivity (S/m).L: the distance between the ohmmeter terminals.A: the area of the surface that the ohmmeter is measuring current across.R: electrical resistance of the specimen.

The thermal conductivity was estimated from the electrical conductivity using Wiedemann-Franz law$$K = LT\sigma$$Where:K: thermal conductivity W/(m·K)σ: electrical conductivity (S/m).L: Lorenz number (2.45 × 10^−8^ WΩk^−2^).T: the room temperature (K).

Vickers hardness was measured at a load of 10 Kgf and the time to make an indentation was 10 seconds for all specimens. The reported Vickers hardness values of the specimens represent the average of 5 readings of each sample. Compression strength test of the investigated samples was performed using a micro-computer-controlled uniaxial universal testing machine HT-9501. The samples used for compression tests were of a rectangular 8 × 8 mm^2^ cross-section and a height of 15mm. The applied cross-head speed of universal test machine used in this study was 2 mm/min. The test was conducted at room temperature.

3. Results and discussion {#sec3}
=========================

This section illustrates and discusses the physical and mechanical properties of the sintered composites such as hardness, mechanical properties, thermal conductivity, electrical conductivity, and the density with physical and mechanical properties measured value as shown in [Table 1](#tbl1){ref-type="table"}. [Fig. 2](#fig2){ref-type="fig"}-a illustrates the microstructure of the copper-nickel alloy (50-50 wt. %). It is noted that the matrix alloy is almost free from holes and voids due to an excellent homogenous distribution of both copper and nickel. Also, the nickel grain size is smaller than the copper grain size which permits them to occupy the copper particles spaces.Table 1Physical and Mechanical properties measured value.Table 1AlloyRelative DensityElectrical conductivity (S/m) 10ˆ6thermal conductivity (W/m K)Vickers hardness (kgf/mm2)Compression Yield stress (MPa)Cu-Ni0.7642.0016214.3686201134.326139.588Cu-Ni + 0.5% CNT0.7261.7823312.7944419632.36134.6602Cu-Ni +1% CNT0.6581.9332213.8776130623.8919125.7738Cu-Ni +1.5% CNT0.5872.0670414.8382176418.11279.67308Cu-Ni +2% CNT0.5291.7168012.3240282914.14550.90986Cu-Ni +1% Al~2~O~3~0.7801.4697310.5504918343.8911152.9376Cu-Ni +2% Al~2~O~3~0.7671.6620811.9312193547.0201220.7506Cu-Ni +3% Al~2~O~3~0.7661.5515811.1380350749.188250.756Cu-Ni +4% Al~2~O~3~0.7521.275739.15785326653.272278.1438Cu-Ni +1%SiC0.7821.255179.0102259354.935194.2502Cu-Ni +2%SiC0.7642.4527017.6067377256.9127201.1152Cu-Ni +3%SiC0.7443.4313824.6321611165.521233.92Cu-Ni +4%SiC0.7311.8781113.4820138580.486329.3854Fig. 2Optical micrographs of sintered Cu-Ni (50-50 Wt.%) (a), Cu -Ni/0.5 wt. % CNT (b), Cu -Ni/1.5 wt. % CNT (c), Cu -Ni/1 wt. % Al~2~O~3~ (d), Cu -Ni/4 wt. % Al~2~O~3~ (e), Cu -Ni/1 wt. % SiC (f) and Cu -Ni/4 wt. % SiC (g).Fig. 2

[Fig. 2](#fig2){ref-type="fig"} (b, c) shows the microstructure of sintered composite of copper-nickel alloy with 0.5% and 1.5% CNT, respectively. It is clear that while increasing CNT percentage in copper-nickel alloy matrix, its homogenous distribution inside the specimens has been kept unharmed. Also, it can be seen that CNTs are making a high bonding between copper and nickel grains that will be important factor for enhancing both the physical and mechanical properties. Light areas stand for Cu-Ni alloy matrix and dark grey and cornered shapes represent the reinforcement component CNT particles and voids. The voids have been formed as a consequence of the drawbacks of powder metallurgy process.

[Fig. 2](#fig2){ref-type="fig"} (d, e) shows the microstructure of sintering copper-nickel with 1 wt. % Al~2~O~3~ and 4 wt. % Al~2~O~3~ composites. It is shown that micron-sized Al~2~O~3~ particles have a great effect on the optical microstructure of copper-nickel alloy composite (Cu-Ni/Al~2~O~3~), where the specimens have a uniform homogenous distribution with Al~2~O~3~ reinforcement. Before the mixing process, the Al~2~O~3~ particle size was bigger than that of copper. However, it can be concluded from the figure that during the mixing process, the Al~2~O~3~ particles have become finer with sufficient distribution. It is also clear that the Al~2~O~3~ agglomeration and voids increase with increasing the Al~2~O~3~ mass fraction. It might also be worth mentioning that grain growth has already occurred in the composite sintered samples in both images in [Fig. 2](#fig2){ref-type="fig"} (d) and (e) in a non-homogeneous manner which is a characteristic of vacuum sintered Cu matrix composites.

Similarly, [Fig. 2](#fig2){ref-type="fig"} (f, g) illustrates the optical microstructure of sintered copper-nickel alloy matrix composites with 1 wt. % SiC and 4 wt. % SiC. It is noticeable that the specimens have an excellent homogenous distribution because the grain size of SiC is small compared to Al~2~O~3~. There is a small number of SiC agglomerations because of good mixing process between Cu-Ni and SiC. Also, there are less voids which lead to good physical and mechanical properties. In both micrographs of [Fig. 2](#fig2){ref-type="fig"} (f, g), light areas indicate Cu-Ni matrix while dark grey cornered shapes stand for the reinforcement component SiC.

[Fig. 3](#fig3){ref-type="fig"}-(a-g) illustrates the Voids and reinforcements of the copper-nickel alloy microstructure (50-50 wt. %) for different types of specimens and it have been identified through microscopy to distinguish between reinforcement and the void. And in [Table 2](#tbl2){ref-type="table"} shows the Void volume fractions of the composites, it is showed that the matrix alloy is almost free from voids due to homogenous distribution of both copper and nickel alloy.Fig. 3Voids of sintered Cu-Ni (50-50 Wt.%) (a), Cu -Ni/0.5 wt. % CNT (b), Cu -Ni/1.5 wt. % CNT (c), Cu -Ni/1 wt. % Al~2~O~3~ (d), Cu -Ni/4 wt. % Al~2~O~3~ (e), Cu -Ni/1 wt. % SiC (f) and Cu -Ni/4 wt. % SiC (g).Fig. 3Table 2Void volume fractions of the composites.Table 2Composite compositionVVF %Cu-Ni (50-50 Wt. %)0.14Cu-Ni 0.5 %CNT1.65Cu-Ni 1.5 %CNT10.54Cu-Ni 1 %AL~2~O~3~1.27Cu-Ni 4 %AL~2~O~3~5.47Cu-Ni 1 %SiC1.02Cu-Ni 4 %SiC0.68

[Fig. 4](#fig4){ref-type="fig"}-a demonstrates the microstructure of (copper-nickel alloy material after sintering) sample observed by Scanning Electron Microscope (SEM), which clearly illustrates the diffusion bonding between copper-nickel particles as a result of sintering under vacuum atmosphere for two hours at 1050 °C. The image illustrates the un-etched surface of the specimen, where grain boundaries can be clearly observed. The surface defects that appear on the SEM image of Cu-Ni specimen denote the void content. It can be noted that the obtained alloy has an excellent homogeneity.Fig. 4Sintering SEM images of sintered Cu-Ni (50-50 Wt.%) (a), Cu -Ni/0.5 wt. % CNT (b), Cu -Ni/1.5 wt. % CNT (c), Cu -Ni/1 wt. % Al2O3 (d), Cu -Ni/4 wt. % Al2O3 (e), Cu -Ni/1 wt. % SiC (f) and Cu -Ni/4 wt. % SiC (g).Fig. 4

[Fig. 4](#fig4){ref-type="fig"} (b, c) shows SEM images of (Cu-Ni/0.5 wt. % CNT and Cu-Ni/1.5 wt. % CNT) nano-composites after sintering. It is noticed that the specimens still have excellent homogenous distribution while increasing CNT percentage in copper-nickel alloy matrix. Also, the figure indicates that CNTs are not affecting the high bonding between copper and nickel grains that is considered to be an effective factor in enhancing the physical and mechanical properties of the composite. The CNT agglomeration increases with increasing CNT mass fraction in Cu-Ni alloy composite. Light areas stand for Cu-Ni alloy matrix while dark grey and cornered shapes present the reinforcement component CNT Particles and voids.

[Fig. 4](#fig4){ref-type="fig"} (d, e) demonstrates the SEM micrographs of Cu-Ni/1 wt. % Al~2~O~3~ and Cu-Ni/4 wt. % Al~2~O~3~ micro-composites, respectively. It can be observed that micro size Al~2~O~3~ particles reinforced sintered sample has a great effect on SEM structure of copper-nickel alloy composite (Cu-Ni/Al~2~O~3~), where the specimens have good homogenous dispersion of Al~2~O~3~ reinforcement. It is noted that the Al~2~O~3~ agglomeration increases with increasing the Al~2~O~3~ mass fraction. Also, the specimens have less voids and their size is very small with respect to Al~2~O~3~ agglomeration.

[Fig. 4](#fig4){ref-type="fig"} (f, g) shows the SEM micrographs of Cu-Ni/1 wt. % SiC and Cu-Ni/4 wt. % SiC micro-composites. In the micrographs, light areas indicate Cu-Ni matrix while dark grey cornered shapes stand for the reinforcement component SiC. Particles which are homogeneously distributed in Cu-Ni matrix, generally surround the Cu-Ni particles at high percentage of SiC content. It is clear that the specimens have perfect homogenous dispersion with less number of SiC agglomerations because of the good mixing process between Cu-Ni and SiC.

The relative density of the composite prepared by powder metallurgy is the most essential parameter which greatly affects its mechanical and physical properties. [Fig. 5](#fig5){ref-type="fig"} demonstrates the relative density of copper-nickel alloy and copper-nickel alloy composites with different types of reinforcement. It can be noted that the relative density of copper-nickel alloy with CNT specimen was significantly decreased with increasing the CNT mass fraction. Also, the relative density of copper-nickel alloy with SiC specimen was slightly decreased with increasing the SiC mass fraction. Moreover, the relative density of copper-nickel alloy with Al~2~O~3~ specimen was slightly decreased with increasing the Al~2~O~3~ mass fraction. It is common that with increasing reinforcement mass fraction, the porosity will be increased, while Cu-Ni/CNT composite has the least relative density due to miss-match of CNT with Cu-Ni alloy.Fig. 5Relative Density versus mass fraction of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~, Cu-Ni/SiC and Cu-Ni sintered samples.Fig. 5

[Fig. 6](#fig6){ref-type="fig"} illustrates the electrical conductivity for different types of specimens using copper-nickel (50%--50%) alloy as a main matrix which has a very low electrical conductivity. It can be noted that copper-nickel alloy with Cu-Ni/3% SiC has the best electrical conductivity compared to others specimens due to the presence of SiC which, if decomposed, provides the matrix with Si and C that keeps the electrical conductivity at high level. Also, the (Cu-Ni/1.5% CNT) curve shown a slight improvement compared to copper-nickel matrix. This may be because the CNT has a high electrical conductivity \[[@bib21], [@bib22]\]. But this advantage is limited to a certain range of mass frication according to the powder metallurgy technique [@bib23]. Moreover, the (Cu-Ni/Al~2~O~3~) have the lowest electrical conductivity compered to other specimens attaining a drop of 37%. due to Al~2~O~3~ particles size as a ceramic material with poor conductivity properties. The increase in the electrical conductivity of Cu-Ni/SiC composite may be due to the partial decomposition which occurs for the SiC particles when sintering at high temperatures leading to the presence of both Si and C, which are semi-conductors.Fig. 6Electrical conductivity versus mass fraction of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~, Cu-Ni/SiC and Cu-Ni sintered powder.Fig. 6

[Fig. 7](#fig7){ref-type="fig"} demonstrates the thermal conductivity of the investigated composites using Copper-Nickel (50%--50%) alloy matrix as a main matrix which are estimated based on the emperical equation. Cu-Ni has a very low thermal conductivity. As it follows the electrical conductivity, it can be clear that copper-nickel alloy with (3% SiC) has the best thermal conductivity ∼70% higher than the matrix compared to other specimens. Moreover, the (Cu/CNT) curve at region from (1%--1.5% Wt.) mass fraction has more thermal conductivity compared to copper-nickel specimen. While Cu-Ni/Al~2~O~3~ composites have the lowest thermal conductivity compared with other reinforcement. this could be related to the high insulating properties of Al~2~O~3~ ceramic powder. The high thermal conductivity of pure copper of 305.6 W/(m.K) is severely reduced by nickel addition (50% Ni) to attain 14 W/(m^.^K).Fig. 7Estimated thermal conductivity of Cu-Ni sintered powder of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~ and Cu-Ni/SiC composites.Fig. 7

The Vickers macro hardness test was carried out to investigate the apparent hardness of the specimens of Cu-Ni/CNT nano-composite, Cu-Ni/SiC and Cu-Ni/Al~2~O~3~ micro-composite. [Fig. 8](#fig8){ref-type="fig"} demonstrates the Vickers hardness of different types of investigated composites averaged from 5 readings per sample. It can be noticed that the hardness of Cu-Ni/Al~2~O~3~ and Cu-Ni/SiC increased with increasing the ceramics reinforcement mass fraction and has a high value compared to Cu-Ni matrix showed a net progressive increased in macro-hardness of (∼27--55%) and (∼60--135%), respectively, but the Cu-Ni/CNT decreased with increasing the reinforcement mass fraction with a decrease (∼6--58%) with respect to the matrix. This may be because the CNT surface has limited integration with Cu-Ni alloy due to the suppression of Cu diffusion during sintering \[[@bib24], [@bib25]\] This trend conforms well to those previously reported as the incorporation of SiC nanoparticles improved the hardness of the Cu-Ni-W coatings because of grain refining and the increase in the number of the grain boundaries that prohibited the movement of dislocations [@bib18].Fig. 8Hardness versus mass fraction of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~, Cu-Ni/SiC and Cu-Ni sintered powder. (error bars).Fig. 8

[Fig. 9](#fig9){ref-type="fig"} demonstrates the compression yield strength of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~ and Cu-Ni/SiC and Cu-Ni sintered powder. It can be noted that the Copper-Nickel alloy can withstand high value of compression stress compared to Cu-Ni/CNT specimen. The compression strength of Cu-Ni/CNT decreased gradually to attain 88% reduction for 2% CNT with the increase of mass fraction due to the void formation during sintering in the case of Cu-Ni/CNT composite at high CNT volume fractions. This reduces the composite strength. In case of the Cu-Ni/Al~2~O~3~, the compression strength increased with increasing the Al~2~O~3~ mass fraction, while the compression strength of Cu-Ni/SiC increased with increasing SiC mass fraction because of ceramics material properties of Al~2~O~3~ and SiC. whereas Cu-Ni/Al~2~O~3~, SiC composites showed a net increasing of (∼153--278 MPa) and (∼194--329 MPa), respectively.Fig. 9Compression yield stress versus mass fraction of Cu-Ni/CNT, Cu-Ni/Al~2~O~3~ and Cu-Ni/SiC and copper-Nickel sintered powder.Fig. 9

4. Conclusion {#sec4}
=============

In this paper the carbon nanotubes, Al~2~O~3~ and SiC were used as reinforcements to the copper-nickel mechanical alloy matrix, which were successfully developed through powder metallurgy. Sintering temperature at a vacuum furnace was used to produce good sintered products at 2 hours sintering time and 1050 °C. The powder particle diffusion bonding can be clearly seen in the optical microscope and SEM observations of the composites. Characterizing their microstructure, physical and mechanical properties were achieved. Practical experiments have demonstrated that the mechanical properties were improved with Al~2~O~3~ and SiC Micro-particles size reinforcements compered to Cu-Ni alloy, while Cu-Ni/CNT with nano-particles size sintered samples slightly worsened. In addition, the electrical and thermal conductivity increased with adding CNT and SiC reinforcements to Cu-Ni alloy matrix. Moreover, the relative density were measured and the results have shown a good enhancement with Cu-Ni/CNT and Cu-Ni/SiC.
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